j Abstract Background The effect of electric stimulation on the polarization of cardiac tissue (virtual electrode effect) is well known; the corresponding response of intracellular calcium concentration ([Ca 2+ ] i ) and its dependence on coupling interval between conditioning stimulus (S1) and test stimulus (S2) has yet to be elucidated. Objective Because uncovering the transmembrane potential (V m )- [Ca 2+ ] i relationship during an electric shock is imperative for understanding arrhythmia induction and defibrillation, we aimed to study simultaneous V m and [Ca 2+ ] i responses to strong unipolar stimulation. Methods We used a dual-camera optical system to image concurrently V m and [Ca 2+ ] i responses to unipolar stimulation (20 ms ± 20 mA) in Langendorffperfused rabbit hearts. RH-237 and Rhod-2 fluorescent dyes were used to measure V m and [Ca 2+ ] i , respectively. The S1-S2 interval ranged from 10 to 170 ms to examine stimulation during the action potential. Results
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Introduction
The intracellular calcium concentration ([Ca 2+ ] i ) plays a central role in the process of excitation-contraction coupling [33] . The behavior of [Ca 2+ ] i is tightly coupled with transmembrane potential (V m ) dynamics and is governed by sarcolemmal Ca 2+ fluxes and by Ca 2+ -transporting systems of the sarcoplasmic reticulum (SR) and mitochondria [4, 42] . In normal conditions the activation of Ca 2+ release from the SR is controlled by means of the Ca 2+ -induced Ca 2+ release mechanism mediated by sarcolemmal Ca 2+ channels [5] .
Alteration of the normal V m - [Ca 2+ ] i relationship can underlie ectopic arrhythmias, such as those occurring during delayed afterdepolarizations [61] when SR Ca 2+ overload promotes release of Ca 2+ from the SR and activation of [Ca 2+ ] i -dependent currents, resulting in the generation of an action potential (AP) [51] . Because V m - [Ca 2+ ] cycling is coupled bidirectionally [50] their relationship becomes more complex during ventricular tachycardia (VT) [12] and especially during ventricular fibrillation (VF) when Ca 2+ waves could either precede or follow membrane depolarization [46] . However, the primary role of the V m - [Ca 2+ ] i dissociation with respect to wave fragmentation remains controversial [64] .
Since there is strong coupling between V m and [Ca 2+ ] i , it is reasonable to expect involvement of [Ca 2+ ] i in the process of defibrillation. Recently Hwang et al. observed that shock-induced high [Ca 2+ ] i heterogeneity is followed by an unsuccessful defibrillation shock and the regions of lower [Ca 2+ ] i were associated with first postshock activation [30] . On the single cell level the effect of electric field stimulation on the calcium transients (CT) was investigated by Sharma and Tung who showed uniform field-mediated polarization of the cell membrane can produce spatial heterogeneity of [Ca 2+ ] i in isolated guinea pig cardiomyocytes [54] . Elegant studies of V m - [Ca 2+ ] i relationship during field shock were conducted in Vladimir Fast's laboratory [20, 48] . The authors demonstrated shock-induced reduction of [Ca 2+ ] i in both the positively and negatively polarized sides of cultured cell strips obtained from neonatal rat myocytes [20] . They showed that current through the L-type voltage-dependent Ca 2+ channels (I CaL ) may play an important role in the decrease of [Ca 2+ ] i . In spite of the important contribution of this work it should be noted that developmental differences between neonatal and maturated cardiomyocytes, including T-tubular and SR structures [44, 45] , ryanodine receptor sensitivity [13, 65] , and variation in sarcolemmal Ca 2+ channel activity [18, 23, 27, 60] , could modify the Ca 2+ response to electric shock in these two types of cells.
It is known that electric field stimulation of cardiac tissue occurs via virtual electrode mechanisms and that bidomain properties play a key role in this process [52, 53] . Unipolar stimulation creates a polarization pattern consisting of a central dog-bone shaped area with the polarity of the stimulus flanked by two virtual electrode regions of opposite polarity [37, 43, 66] . In our work we utilized unipolar electrical stimulation of the isolated rabbit heart to produce predictable virtual electrode polarization patterns and investigate systematically, for the first time, the spatio-temporal distributions of [Ca 2+ ] i and the V m - [Ca 2+ ] i relationship through the cardiac cycle as well as test the hypothesis that the V m - [Ca 2+ ] i relationship during electrical stimulation of adult cardiac cells in the whole heart preparation differs from the V m - [Ca 2+ ] i relationship in a monolayer of neonatal cardiomyocytes in a culture dish due to developmental and anatomical differences.
Methods j Experimental preparation
All experiments were conducted in accordance with the National Institutes of Health regulations for the ethical use of animals in research and were approved in advance by the Vanderbilt Institutional Animal Care and Use Committee.
New Zealand white rabbits (N = 7) of either sex weighing 2.7-3.1 kg were used in the experiments. The detailed description of the heart preparation has been published previously [56] . The animals were [11, 46, 49] , 1 ml of the dye stock solution (0.5 mg/ml DMSO) was slowly delivered via an injection port above the aorta. Thereafter 10 ll of the voltage-sensitive dye RH-237 (1 mg/ml DMSO) was gradually administered through the same injection port.
To examine the potential effect of BDM on the calcium response, an additional series of experiments (N = 3) with blebbistatin (Sigma-Aldrich, St. Louis, MO) as the excitation-contraction uncoupler [16, 21] were conducted. Stock solution of blebbistatin (2.5 mg/ml DMSO) was added to the perfusate to obtain a concentration of 3 lM. In these experiments the hearts were stained only with the calcium-sensitive dye Rhod-2AM.
j Optical system
For the hearts stained with both RH-237 and Rhod-2AM a dual-camera system was used [28] ] camera uses a 585 ± 20 nm band pass filter (585AF40, Omega Optical). Both cameras have a lens (25 mm 1¢¢ format C-mount, Navitar) to which the filters are attached by a custom connector. The magnification was adjusted to focus on a 15 mm · 15 mm area. Two Bitflow R3 frame grabbers (Bitflow, Boston, MA) and a timer board (National Instruments PCI 6602) are installed in a Dell 650 Pentium IV/3 GHz Precision Workstation to synchronize the cameras and control stimulation. Custom-developed ''C''-based software controls data acquisition, camera synchronization, external stimulation and laser illumination. The fluorescence is excited by diode-pumped, solid-state laser (Verdi, Coherent, Santa Clara, CA) at a wavelength of 532 nm.
In the blebbistatin experiments in which only Rhod-2AM was used, a single high-speed, lower-noise RedShirt CCD camera (14-bit, 80 · 80 pixels, 1,000 fps, CardioCCD-SMQ, RedShirt Imaging) was utilized to image [Ca 2+ ] i over 8 mm · 8 mm. The band pass filter (585AF40, Omega Optical) and lens (25 mm 1¢¢ format C-mount, Navitar) were the same as in DALSA dual-camera setup.
j Stimulation protocol
The anterior left ventricle was mapped. The heart was continuously paced (2 ms duration, 2· diastolic threshold) at a cycle length of 300 ms via a bipolar platinum electrode [56] placed on the right ventricle close to the septum, 8-9 mm from the unipolar testing electrode. The unipolar testing electrode (delivering the S1 conditioning stimuli and S2 test stimuli), also made from platinum wire (0.25-mm diameter), was positioned on the anterior left ventricle, and the cameras' fields of view were centered with respect to the testing electrode. For the S1 conditioning stimuli (2-ms duration), the current strength was set slightly above diastolic threshold and the interval between S1 and the previous pacing stimulus was 300 ms. Three sequential S1 stimuli were applied prior to the delivery of the S2 premature test stimulus of either negative or positive polarity. The duration and amplitude of S2 were 20 ms and 20 mA, respectively. The S1-S2 coupling intervals were progressively shortened beginning at 190 ms in 20-ms steps down to 50 ms and after that in 10-ms steps down to the shortest S1-S2 interval tested, 10 ms. A piece of titanium mesh against the posterior LV served as the reference electrode for the S1 and S2 stimuli.
j Spectral overlap estimation
To estimate the spectral overlap between RH-237 and Rhod-2AM fluorescence, an additional six hearts underwent two separate experimental protocols. In the first protocol (three hearts), at the beginning of the experiment the heart was stained only with the V m -sensitive dye RH-237 and both voltage and ''calcium'' images were recorded using the respective filters. The data acquired through the calcium filter represented the bleed-through of the voltage signal, which we termed the calcium error (error [Ca 2+ ] i ). Thereafter the Ca 2+ -sensitive dye Rhod-2AM was administered, and data were acquired while the heart was continuously stimulated at a pacing rate of 300 ms. In the second experimental protocol (three hearts), only Rhod-2AM was used at first. In this situation, the ''voltage'' images represented the voltage error (error V m ). After collecting data, the heart was then stained with RH-237, the pacing protocol was repeated, and voltage and calcium fluorescence were recorded again. To calculate the error due to overlap of the voltage and calcium spectra, the amplitude of the calcium transient error was normalized to the amplitude of [Ca 2+ ] i :
The error for voltage measurements was calculated as the amplitude of the voltage error normalized to the amplitude of the V m signal:
j Spectral recording
A miniature fiber optic spectrometer (USB2000, Ocean Optics, FL, USA) was used to record the fluorescence spectra of RH-237 and Rhod-2AM from 200 to 1,100 nm. The spectrometer comprises optical elements coupled with a 2048-element linear silicon CCD array detector which is responsive from 200 to 1,100 nm.
j Data processing and statistical analysis
The optical data collected with the Dalsa dual-camera system were first processed by an 8 · 8 Gaussian spatial filter and a 3-point mean temporal filter. The data acquired with RedShirt camera were filtered only using a 5 · 5 Gaussian spatial filter. Thereafter the [Ca 2+ ] i and V m data were normalized pixel-by-pixel according to fluorescence changes during the last pacing response and are presented as the percentage of this AP amplitude. To demonstrate the net effect of S2 stimulation on V m and [Ca 2+ ] i distributions, the previous S1 response was subtracted from the S2 response for some analyses. We will refer to these potential and intracellular calcium distributions as DV m and D [Ca 2+ ] i accordingly. The conduction velocity was computed using the time-space plot method [56] . To construct the temporal derivative maps, the data were additionally preprocessed with a 5 · 5 spatial and five-point mean temporal filters.
Six rabbit hearts were studied to estimate the optical overlap between calcium and voltage fluorescence; seven rabbit hearts were used to examine the effects of cathodal and anodal stimulation; and three rabbit hearts were utilized to estimate the effects of BDM on [Ca 2+ ] i dynamics. Group data are presented as mean ± standard deviation. Statistical analysis was performed utilizing the paired t test. Differences were considered significant when P < 0.05.
Results
j Emission spectra and estimation of spectral overlap Figure 1a illustrates the emission spectra of Rhod-2AM and RH-237 measured separately in two different experiments. Based on these measurements, a band pass filter (585 ± 20 nm) and a long pass filter (>710 nm) were chosen to minimize spectral overlap without significantly sacrificing signal intensity. ] i ) are illustrated in panel B. The characteristic virtual electrode polarization pattern [66] for cathodal stimulation is observed in the V m images: a dogboneshaped region of positive polarization (virtual cathode, VC) oriented transverse to the fiber direction with flanking regions of negative polarization (virtual anodes, VA) aligned parallel to the fiber direction. Traces from the VC (white dot) and VA (blue dot) regions superimposed with traces recorded at the same locations from the previous S1 wave (black) are shown in panels C and D, respectively.
The magnitudes of DV m are larger than the magnitudes of D [Ca 2+ ] i over the full range of tested S1-S2 intervals. The maps of V m and DV m distribution (panels A and B) reveal nonlinear behavior: the magnitude of VA hyperpolarization decreases with prolongation of the S1-S2 interval whereas VC depolarization becomes more prominent [2, 9, 19, 25] . ] i traces for the VC pixel located within these areas (white dot in top of panel A) show that S2 increases the slope of the AP upstroke, but decreases the slope of CT upstroke (Fig. 2c, top row) . In the VA region (blue dot in top of panel A), both voltage and calcium optical signals decrease during S2 (Fig. 2d,  top row) . When the S1-S2 interval was increased to 20 ms, the blue areas located centrally the in D[Ca ] i for the 10-ms coupling interval (Fig. 3b) : the delays in AP and CT upstrokes are clearly seen in top row in Fig. 3d . When the S1-S2 interval is lengthened to 20 ms, the VA-related negative D[Ca
2+
] i becomes weaker and the only easily visible region of strong negative change in [Ca 2+ ] i occurs at the upper right edge of the VA (Fig. 3b) . The four-petalled pattern, which was detected during negative S2 stimulation as shown in Fig. 2b ] i resulting from changes in S2 polarity and in coupling interval are shown to correlate well with those for V m . Figure 5 shows the calcium response when blebbistatin was applied as an excitation-contraction uncoupler. As in the experiments with BDM, stimuli of 20 mA magnitude and 20 ms duration of both polarities were tested. At the 10-ms coupling interval, two dark blue areas indicate delay in CT upstroke during both cathodal and anodal stimulations (Fig. 5a) . Beginning with the S1-S2 interval of 30 Figure 6a represents the situation when the S1-S2 interval of 90 ms was too short to allow global propagation, such that charge diffusion after cathodal S2 termination (20 ms) induces only local V m arising in the VAs but not a propagating AP. The images of d [Ca 2+ ] i /dt do not reveal detectable elevation of [Ca 2+ ] i at the VC during the 20-ms stimulus. After S2 termination, the increasing V m in the VAs causes prominent changes in [Ca 2+ ] i (Fig. 6a, 30 and 40 ms) . Figure 6b demonstrates break stimulation at the S1-S2 interval of 150 ms. The increasing [Ca 2+ ] i in the VC becomes noticeable in the 10 and 20-ms frames. After cessation of S2, charge diffusion initiates excitation at the VAs. In the time interval between 30 and 70 ms, the S2-induced V m wave revolves around four sites marked with four green dots (Fig. 6b, 40 ms) and invades the central VC region. Due to depressed excitability at the VC, the wave front decays and disappears, completing one cycle of quatrefoil reentry. [Ca 2+ ] i exhibits the same dynamics, but with delay. Figure 6c illustrates V m and [Ca 2+ ] i dynamics during stimulation in diastole using a coupling interval of 300 ms. Excitation occurs before S2 termination. Two ] i alterations at the central virtual electrode region during the shock as a function of S1-S2 interval. a V m changes during cathodal (gray) and anodal (black) stimulation. ] i propagation, three additional experiments were conducted (not shown).
In these experiments the hearts were stimulated transverse and along the fiber direction at different pacing rates. Progressively decreasing the pacing interval from 300 ms down to 140 ms did not produce any substantial effect on the CV disparity for steadily propagating V m and [Ca 2+ ] i waves. Figure 7 shows the outcomes for anodal S2 stimulation. Three cases, no propagating response (Fig. 7a) , break stimulation (Fig. 7b) , and make stimulation (Fig. 7c) , were created with S1-S2 intervals of 90, 150, and 300 ms, respectively. In ] i responses. When the coupling interval is increased to 150 ms (Fig. 7b) , after S2 cessation charge diffusion from the VCs was sufficient to initiate a propagating wave at the central VA region (20 and 30-ms images). During propagation the wave fronts become convex and turn around four sites (Fig. 7b, 40 ms) . Because the VCs have not sufficiently recovered, after collision the waves do not enter the VCs to complete one full cycle of reentry but, instead, form a common ellipsoid wave front propagating outwardly (Fig. 7b,  50 ms) . Stimulation in diastole causes fast elevation of V m at the VCs (Fig. 7c, 10 ms) . The central dark regions located transversely to the fiber direction indicate delayed V m elevation at the VA area during S2, which then exhibit increasing V m after S2 termination (30 ms ] i /dt images after S2 termination reveal similar patterns for both polarities (Figs. 6c and 7c) .
Another of our observations was prolongation of CT at regions of both positive and negative polarization (Figs. 2c, d and 3c, d) . The largest increase in CT duration, measured at the 50% level of recovery, was 27.4% ± 6.5% (seven hearts) for cathodal stimulation and 31.5% ± 10% (seven hearts) when S2 was anodal.
Discussion
In this study we show that for coupling intervals longer than 20 ms the changes in the [Ca ] i . a Nonpropagating response at an S1-S2 interval of 90 ms. b Break stimulation at an S1-S2 interval of 150 ms. c Make stimulation at an S1-S2 interval of 300 ms. Green arrows in panel B indicate the direction of wave front propagation around the green dots is anodal, [Ca 2+ ] i at the central VA area decreases with shortening of the S1-S2 interval. For very short coupling intervals (10-20 ms), the S1 wave front only begins to spread before S2 is applied. Therefore S2 is applied while the tissue exhibits greatly different stages of excitation: V m around the electrode is in the upstroke phase, while tissue outside of the elliptical S1 wave front is at rest. In this case the largest V m and ] i (Fig. 3b 10-ms S1-S2 interval) .
It was demonstrated recently that uniform field stimulation at the beginning of plateau phase can induce declining [Ca 2+ ] i at both the negatively and positively polarized sides in neonatal rat cell culture strands [20, 48] . Nifedipine eliminated the shock-induced decrease in [Ca 2+ ] i at the depolarized side of the cell culture strand, indicating the main role of I CaL in this effect. It was suggested that when V m exceeds reversal potential for I CaL , the current changes direction from inward to outward and, consequently, could be responsible for [Ca 2+ ] i reduction at the cathodal end of the cell culture preparation. The hyperpolarization at the opposite side of the strand can also cause a decline of [Ca 2+ ] ] i outcomes from anodal stimulation. The S1-S2 intervals for (a) nonpropagating response, (b) break stimulation and (c) make stimulation are the same as in Fig. 6 . Green arrows in panel B indicate the direction of wave front propagation around the green dots
In our experiments we did not detect decreasing [Ca 2+ ] i at the VC during stimulation early in the plateau at 30 and 40-ms S1-S2, while the negative changes of [Ca 2+ ] i at the VA areas (~12%) were comparable to those observed by Fast et al. in neonatal rat cardiomyocyte cultures (~15%) [20, 48] . Furthermore, as we have mentioned above, VC depolarization caused elevation of [Ca 2+ ] i with increasing S1-S2 interval. In the range of coupling intervals between 30 and 130 ms, the values of D [Ca 2+ ] i due to cathodal S2 had a minimum of 3.1% and maximum of 16.6%. Those values due to anodal S2 were )12.6% and )6.4%, respectively (Fig. 4b) . These results are qualitatively in agreement with those detected with S1-S2 prolongation in strands of cultured cardiomyocytes [48] . The discrepancy in [Ca 2+ ] i behavior observed in the VC region is probably due to either one or both of the following reasons: (1) inadequate depolarization magnitude to cause reversal of I CaL and (2) the distinction in [Ca 2+ ] i handling due to species-dependent and developmental disparities between neonatal and mature cells.
The magnitudes of polarization observed in our preparations were weaker than those reported in cultured myocytes [8] . The maximum DV m values during stimulation at the beginning of AP plateau for S1-S2 coupling intervals between 30 and 50 ms were 28% and 46% for positive and negative deflections, respectively. These values in cell culture preparations were about 60% and 200% for cathodal and anodal polarizations [8, 20] . Such substantial disparity could be result of differing stimulation modes. Point stimulation on the surface of the heart produces polarization that decays exponentially with depth at a distance comparable to the length constant [31] . The value of length constant depends on the cardiac cell type and the fiber direction. The length constant is typically less than 1 mm [35, 36] and is shorter transverse to the fiber direction [38] . In addition, the length constant is also affected by anatomical structure due to differences in electrotonic coupling. Because current spreads multi-dimensionally, the electrotonic voltage decrement in a three-dimensional preparation would be steeper with distance causing the length constant to be shorter than in one-or twodimensional preparations.
In addition, bidomain effects visible in the intact myocardium can be severely attenuated in a confluent layer of cardiomyocytes at the bottom of a culture dish. In culture, the depth of the culture media may be one hundred to one thousand times the thickness of the cell layer. In myocardium, the extracellular space may account for less than 20% of the tissue volume. Hence the effect of extracellular resistivity, anisotropy and current distributions may be quite different between the two preparations.
Optical signals measured from the heart surface are weighted averages of fluorescence from a tissue depth [24, 31] estimated to be between 0.3 and 0.5 mm [22, 37] and 1-2 mm [3, 7, 15, 17] . If the optical decay constant is greater than the electrical length constant, the optical signals arising from the deeper layers, unaffected by the stimulus, can cause underestimation of the surface DV m . In monolayer cell cultures the optical signals are not attenuated by averaging over depth and therefore exhibit larger deflections.
It is known that excitation-contraction coupling undergoes extensive transformations during postnatal development [27, 57, 63] . In contrast with adult cardiomyocytes, neonatal cells have underdeveloped SR [45] , so the significant fraction of activator Ca 2+ enters through the sarcolemmal Ca 2+ transportation system [62] . Among the most essential electrophysiological properties of neonatal cells which could modify the [Ca 2+ ] i response of cell cultures to electric shock are longer AP [27, 63] , increased sarcolemmal Ca 2+ current [23, 27] , and lower sensitivity to ryanodine [13] . Besides developmental changes, the cell culture procedure itself can promote cellular remodeling, affect the excitation-contraction coupling and, consequently, could alter the response to electrical stimulation. In particular, Snopko et al. recently reported that sarcolemmal Ca 2+ entry is enhanced at least two-fold in rat cardiomyocytes at the fourth day of culturing in comparison to acutely dissociated cardiomyocytes from new born rat hearts of the equivalent age [57] .
The unexpected finding of our study was the countereffect of strong negative stimulation on the upstroke dynamics of AP and CT when S2 was delivered with a 10-ms coupling interval (Fig. 2c) . Although detailed simulations are required to elucidate accurately the mechanism of CT delay, examining the current-voltage relationships for I CaL and NCX current (I Na/Ca ) would be a reasonable way to estimate the approximate contributions of these two main Ca 2+ currents in the effect of V m -Ca dissociation. In diastole, I Na/Ca has a reversal potential between )20 and )40 mV [6, 41] and becomes more positive during the AP [67] . At the beginning of the AP, when V m exceeds the NCX equilibrium potential, I Na/Ca changes direction and brings Ca 2+ into the cell. The strong stimulus during the depolarization phase of the AP increases upstroke velocity and AP amplitude at the VC region and thereby facilitates NCX-mediated entry of Ca 2+ . The current-voltage relationship for I CaL in rabbit cardiomyocytes has a minimum near 10 mV and a reversal potential of about 60 mV [32, 47] . The quick and strong depolarization due to rapidly approaching the reversal potential will reduce the driving force for Ca 2+ entry and hence lessen I CaL . Because I CaL is primarily responsible for activation of ryanodine receptors, the net result is observed in delayed CT dynamics. While the V m -Ca dissociation was observed under normal conditions during steady pacing, it may play a role in defibrillation outcome by means of APD alteration. It could also be involved in the shock-induced heterogeneous distribution of Ca 2+ . Recently Hwang et al. [30] found that the first activation during unsuccessful defibrillation associates with a region of low [Ca 2+ ] i surrounded by elevated [Ca 2+ ] i (''Ca 2+ sinkholes''). The shock-mediated delay of CT upstroke at areas with lower V m could be responsible for the occurrence of ''Ca 2+ sinkholes.'' The VC-associated lengthening of CT, which becomes more prominent for coupling intervals longer than 50 ms, occurs by elevation of [Ca 2+ ] i due to VC positive polarization (Figs. 2c and 3c) . The CT prolongation at VA areas is caused by elevation of V m after S2 termination (Figs. 2d and 3d) . Analysis of stimulation in the refractory period and in resting tissue revealed that [Ca 2+ ] i , similar to V m , exhibits four basic stimulation modes: cathodal and anodal make, and cathodal and anodal break stimulation. Furthermore, break stimulation can be followed by reentry (Fig. 6B) . Similar results were reported by Sidorov et al. [55] and recently observed by Gray et al. [26] , where V m and Ca 2+ state-space dynamics were studied during quatrefoil reentry initiation. Stimulation in resting tissue exhibited VA and VC-related delays in CT upstroke resulting in four-petalled d [Ca 2+ ] i /dt patterns that were observed under both cathodal and anodal stimulation (Figs. 6c and 7c) .
Many optical imaging studies minimize motion artifacts by the use of one of a variety of contraction blocking agents. Of these, BDM is cost-effective, widely accepted, and was chosen when this study was designed and implemented. Only recently has a novel selective excitation-contraction uncoupler, blebbistatin [1, 59] , been applied to cardiac imaging [16, 21] . Because BDM exhibits a phosphatase-like activity [14, 29] and has additional side effects on the SR [58] , Ca 2+ channel currents [39] and AP characteristics [34] , we conducted a series of experiments with blebbistatin, which acts by inhibiting myosin II isoforms and does not affect intracellular CT. The results were qualitatively similar to those obtained in experiments using BDM. Specifically, the VC and VAassociated changes in [Ca 2+ ] i during the early AP plateau phase for coupling intervals between 30 and 70 ms in Fig. 5a correlate with those illustrated in Figs. 2b and 3b. However, some differences do exist in the behavior of [Ca 2+ ] i as a function of S1-S2 interval between experiments with BDM ( Fig. 4b ) and blebbistatin (Fig. 5b) . The D[Ca
2+
] i curves are more horizontal when blebbistatin was utilized (Fig. 5b ) than under BDM (Fig. 4b) . In particular, the anodal curve intersects the zero line at coupling interval of 175 ms (Fig. 5b) , whereas this value is 155 ms when BDM was applied (Fig. 4b) . This discrepancy is a result of AP shortening due to BDM [10, 40] and slight prolongation of AP duration caused by blebbistatin [21] .
In summary, our results demonstrate the variety of spatial and temporal responses of two variables (V m and [Ca 2+ ] i ) induced on the surface of the whole heart by unipolar stimuli as a function of polarity and coupling interval. For the majority of coupling intervals the Ca 2+ response was directly related to the V m response after a short delay, as occurs during normal heart function. However, at very short coupling intervals the V m and [Ca 2+ ] i responses were not positively correlated. This fact has implications, especially for defibrillation because any differences in V m and [Ca 2+ ] i responses are likely to be important (e.g., either proarrhythmic or antiarrhythmic). This in turn suggests that V m and [Ca 2+ ] i are well suited as orthogonal variables for recording phase plane trajectories during shocks and reentry [26] . In addition, the quality and detail of our data and the range of parameters over which it was collected offer an opportunity for quantitative tests of the accuracy and ability of numerical models of cardiac tissue to fully reproduce and explain the spatiotemporal relationships between V m and Ca 2+ signals during point stimulation [2] , AP propagation, and calcium transport in the cardiac bidomain.
